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GENERALIZED THREE-PHASE WAVEFORM GENERATOR 


In three-phase electrical systems, the basic expression relating a line-to-line volt- 
age, call it g(t), to the line-to-neutral voltage, call it f(t), (assume a balanced 
system for this discussion) is 


g(t) = £0 -£(t + § (1) 
where the three line-to-neutral voltages are displaced 120 electrical degrees, one 


from the other. 


In three-phase electrical systems, we generally have the following properties of 
f(t) and g(t) 


f(T+t) = f(t) (2a) g(T+t) = g(t) (periodic) (2b) 
(5 +t) = -f(t) (3a) &(7*') = -g(t) (half-period symmetry) (3b) 
£(0) = 0 (4a) &(tp 7 0 (4b) 
3 T ei T (symmetric relative 
f(-t) = -f(t, 5 -t\=- t 5b) - 
(-t) = -f(0) 6a) (z-*) (7 +) to (5b) 
cit) +e(t + 5)re(t+2r)-0 (6) - 


The 'neutral,' N, against which f(t) is measured, need not be constant; it can con- 
tain any or all of the 3nth, n=0, 1,2,..., harmonics of the fundamental frequency © 


It is important to note that (though it is not generally appreciated) property (5a) does 
not have to hold for property (5b) to hold. 


The purpose of the following is to establish that: Given a waveform g(t) with 
properties 2b-5b and 6, and given the task of creating g(t) from some f(t) via Equation 
1, then, in addition to the usual properties of f(t) cited in Equations 2a-5a, it can be 
shown that we have the following remarkable property. 


Property 1: We can assign arbitrary values to any set of points of f(t) with measure 
T in the interval 0,2), and the remaining points of f(t) in this interval can be 


properly chosen to construct g(t) exactly. 


wnt aE a i ih cee a ae Le 


This unusual property of f(t) has powerful implications, since it allows considerable 
lattitude in mechanizing the construction of desired line-to-line waveforms ina 3- 
phase electrical system by means of line-to-neutral waveforms whose shapes are 

not necessarily constrained to be the same as that of the line-to-line waveforms. 


To clarify this notion, let us consider a special form for f(t). 


Let the functions a(t), b(t), and c(t) be arbitrary over the interval 0 <t< z and be 
zero elsewhere, and define 


f(t) = a(t) Ost<z (7) 
1 pe 3 T\_ 2T 

i § = b(t) ost<Z Fs (t+gF (8) 
(5 = c(t) oxt<Z, ae t+ <i (9) 


These equations define f(t) on the interval (, %) , and properties (2a) and (3a) de- 
fine it for all other t. 


From Equation (1), it follows that 


g(t) = a(t)-c(t) O<t< & (10) 
g( t+ 3) = b(t)+a(t) Ost< 5 , 5s (ts 3)< a (11) 
g(t =) = c(t)+b(t) O<t< 3 <(* a < os (12) 


These three equations define g(t) on the interval (» 2): and properties (2b) and 
(3b) define it for all other t. 


Now we ask, what constraints are imposed on the functions a(t), b(t), and c(t) so 
that Equations (10)— (12) meet the requirements of Equation (6) ? 


By having constructed f(t) in this special way, the resulting Equations (10)—(12) ° 

make it clear that any one of the functions a(t), b(t), or c(t) can be specified arbitrarily, 
and the remaining two derived to construct g(t) exactly. In fact, without such a 
specification, there are an infinite number of solutions to Equations (10)—(12). 


To check this observation, let us assume that b(t) is arbitrary. Then we have 


a(t) =g (+ t)- b(t) (13) 


c(t) = g(t+3) - b(t) (14) 
and . 
a(t) - c(t) = g(t 48 g(t 3)- g(t) (15) 


as it should. (Note that the last step depended upon the property expressed by 
Equation (6), where we make the substitution 


g (t+ 3) g (t+ 3): ) 


A more general statement of this observation is as follows: For each point t in the 
interval { J, 9) any one of the functions a(t), b(t), or c(t) can be specified arbitrarily, 
and the other two assigned their value according to Equation (6). In this statement, 
the choice as to which of the functions is assigned an arbitrary value is itself arbitrary 
for each t in 0. 3): The generalized Property 1 follows directly. 


Using the special definitions of Equations 7-9, and properties 2a and 3a, the line- 
to-neutral voltages for the three phases (each displaced from the other by 120°) are 
as shown in Figure C-1. 


. ore el 
Ve-N 
a(t) 
b(t) 
Veen 


r| 4 


Figure C-1 Line to Neutral Voltage Construction 
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We note that at any instant of time, a(t) and c(t) are simultaneously negated (a minus 
sign in front of each) or not; when they are negated, b(t) is not; when they are not 
negated, b(t) is. Further, we note that the negation alternates between b(t) and 

C a(t), c(t)] every 5 units of time. 


These observations allow us to make a general circuit configuration as shown in 
Figure C-2., 


WAVE PHASE 
GENERATORS seLecToRs _ PHASES 
A BC 
x 
N 
x 
Be) 
N 
x 
Coli) 
N 


X = CONTROLLED SWITCHES 3 PHASE LOAD 


Figure C-2 General Circuit Configuration 


The wave generators A(t), Bit), and C(t) produce the functions a(t), b(t), and c(t), 
respectively, and repeat these functions every % units of time with alternating 
polarity (relative to the neutral N), synchronized according to Figure A-1. Each 
generator feeds its line-to-neutral voltage into each phase according to the timing 
indicated in Figure A-1 (each generator feeds only one phase at a time). The phase 
selection is accomplished by means of (the indicated) switches. (Note: A(t) could 
generate c(t) followed by -a(t), and repeat this every 5 — of time, and C(t) 

could generate c(t) followed by -a(t), repeating this every 3 units of time. This is 
the way we do it in practice, but for ease of discussion the former method is used 
throughout this paper.) Thus, any g(t) with properties 2b—5b and 6 can be constructed 


| 
| 
t 
| 
! 
| 


|_ i im. = 


—.—~ 


via the system specified by Figures A-1 and A-2. The period T is fixed directly 
by g(t). The functions a(t), b(t), and c(t) are selected according to g(t) via Equations 
(10) and (12), and within the lattitude provided by Property 1, they are selected to 
minimize (or some optimization of) the hardware requirements. 
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A NEW INVERTER CONCEPT 


T. M. Corry 


Delco Electronics Division, General Motors Corporation 
Goleta, California 


ABSTRACT 


A rational method for using switching circuits to produce 
precision three-phase sine wave power from dec or ac 
power sources has been developed. A three-phase sine 
wave format is considered to be composed of voltage 


phase line to produce vol waveforms with a total har- 
monic content of 4% prior to filtering. The stepped por- 
tions of the wave, called X and Y functions, are gener- 
ated by a tapped autotransformer and appropriate switch- 
es. Only about 20% of the power is generated in the form 
of steps. A simple circuit that generates a square wave 

called the "center" function, handles more than 
80% of the inverter power. The inverter has the following 
characteristics: high input power factor (typically 0.9 to 
0. 95); low output impedance; can energize nonlinear loads 
without significant change in total harmonic content; and 
easy to parallel because of low energy storage in the out- 
put filter. The inverter has an efficiency of 88-93% and 
weighs about 120 lb (breadboard). Power rating is 10 kW 
with 200% overload capacity and output frequency is 60 or 
400 Hz. 


My invention, Patent No. 3,725,767 describes a new 
concept in the organization of power switching circuits 
to produce low harmonic content three-phase power. 

The first part of this paper reviews the conceptual think- 
ing that led to the development of the inverter and des- 
cribes the patented circuits. The second part summa- 
rizes the development effort on a 10 kW breadboard 
inverter built under contract DAAK 02-72-C-0210 for 
the U.S. Army Mobility Equipment Research and Devel- 
opment Center (MERDC). 


Rather than starting with known inverter concepts 


in an inverter, and commencing a waveform analysis. 


Since it was desired to develop a light-weight unit, 
the initial criteria were to: 


1. Have as much power as possible go from the 
power source to the load without passing 
through transformers. This criterion helps 
minimize iron and copper weight and enhances 
efficiency. 


2. Utilize the power switches to create close 
approximations to sine waves. This criterion 
helps to minimize energy stored in the output 
filter. 


For purposes of computer optimization and circuit 
analysis, this criterion established the frame of refer- 
ence for waveform construction: 


3. Construct the waveform from line-to-neutral. 


These criteria and the computer waveform study led 
to the three-phase waveform design shown in Figure 1. 
Although these approximations of sine waves appear to 
be crude, the total harmonic content (THD) is only 6.4% 
and the THD of the resultant line-to-line voltage is 3.2% 
because the triplen harmonics are not present. 


Figure 1. Three-phase Sine Wave Format Designed 
By The Author In Developing The New 
Approach to Inverter Design. 


This three-phase format has several important 
properties. V pe and Von are line-to-neutral 
voltages. Each -cycle consists of a 60° section of 
voltage steps rising toward the peak, a 60° section of 
constant amplitude voltage, and a 60° section of voltage 
steps descending to zero voltage. Each successive 
half-cycle is a reversed reproduction of the previous 
one. For any number (n) steps, the amplitude of each 
step, the angle of occurrence for each step, and the 
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amplitude of the center are selected to produce a min- 
imum harmonic content line-t-line voltage. For any 
60° interval the polarities of the center portions and the 
stepped portions of the waves are opposite. The polar- 
ities of the two stepped portions are the same, and the 
polarities of the center and steps rotate at a frequency 
three times the frequency of the line voltages. 


The usefulness of these properties to the circuit 
designer are: 


e@ The flat top center portions of the wave can be 
formed by a simple switching circuit. If the 
voltage is the proper magnitude, the switch can 
be connected directly to the three-phase line 
without the use of transformers. More than 
60% of the wave energy is contained in the cen- 
ter portion and this energy can be handled at 
99% efficiency with very little investment in 
weight. 


e@ Transformers needed in step-forming circuits 
handle only 40% of the power and operate at 
three times the frequency of the inverter output 
voltages. 


e@ A block diagram that organizes the inverter on 
the basis of the waveform design can be con- 
structed as illustrated in Figure 2. For a 400 
Hz three-phase inverter, the output voltages 
are composed of three 1200 Hz functions com- 
bined sequentially on the three-phase line to 
produce low harmonic voltages. 


Figure 2. Block Diagram Of Alternator, Rectifier, 
And Inverter X, Y and "Center" Function 
Generators. 


The circuit designer can then devise circuits that 
perform the functions of the inverter block; namely, 
create X, Y and "center" wave functions. This is a new 
freedom the r does not have with other inverter 
approaches. The block functions can be selected and 
optimized relatively independently of each other. 


There are several circuits that can generate X; Y 
and "center" functions; two additional guidelines help 
in defining these circuits: 


4. At any instant of time there must be a path for 
current flow in either direction at a voltage 
level that preserves the sine wave 
tion. In other words, never interrupt the load 
current. This guideline assures operation of 
the inverter with leading, lagging, or unity 
power factor loads. 


5. Use double-bus switching techniques for chang- 
ing voltage levels. 


The three functions that must be produced by the 
blocks that compose the inverter are illustrated in 
Figure 3. Basic circuits for producing the X, Y and 
"center" functions are also defined. The X and Y 
functions are voltage steps of the same polarity with 
one set ascending while the other set descends. 

The steps can be produced by using a tapped autotrans- 
former energized by a square wave that is three times 
the inverter output frequency. Two sets of switches 
are connected to the transformer taps; one set produces 
the X function, and the other the Y function. The"'cen- 
ter" wave can be generated by a square wave switching 
circuit that operates in synchronism with the X, Y func- 
tions but that is 180° out of phase. 
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Figure 3. Waveform Definitions And Circuits That 
Can Generate the X, Y And "Center" 
Functions. 


All that is needed now is to design these two simple 
circuits within the constraints of guidelines 4 and 5 and 
to connect the circuits to the inverter output lines. 
Figure 4 shows how the function generator circuits can 
be configured and connected to produce the new inverter 
concept. The circuit consists of a de voltage source, 
"center", X and Y function circuits, and phase selec- 
tors. The "center" function generator is a three-phase 
thyristor bridge circuit. Most of the inverter power 
passes directly from the power source th the cen- 
ter switches and into the load; this is a very low tmped- 
ance, high efficiency path. The major losses are the 
conduction losses of the thyristors. The remaining 
power is handled by the step autotransformer circuit. 
Step voltage power passes from the power source 
through a thyristor square wave switching circuit that 
energizes the autotransformer through the appropriate 
X and Y function voltage levels, and to the proper out- 
put line by means of the phase selectors. The impe- 
dance of this circuit consists of several semiconductors 
in series with the transformer leakage inductance. The 
total inverter circuit shown consists primarily of thy- 
ristors which require commutation to turn off. The 
currents of the step thyristors pass through transistors 
A or B. Commutation is accomplished by turning the 
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Figure 4. Basic Inverter Circuit 


conducting transistor off and starving the series thy- 
ristor. Starvation commutation has proven to be effi- 
cient and very reliable, and all step changes are made 
using this process. The center function thyristors are 
commutated by the sixth level voltage on the autotrans- 
former. Reverse commutation current is switched 
through the commutation thyristor, transistor B, the 
phasor, and finally the conducting "center" function thy- 
ristor. Capacitor commutation circuits are not used in 
this particular circuit configuration, but they can be 
used to turn off step or power center thyristors if that 
method is preferred. Transistors can be used through- 
out the inverter rather than thyristors. Triacs or thy- 
ristor-diode bridges can be substituted for the bilateral 
connected thyristors. 


The circuit concept of Figure 4 has made possible 
inverter hardware with these important characteristics: 


® jah welaht © Output voltage waveforms with 
c content less than five percent 

at the output of the power switches can be con- 
structed with low weight investment in filters 
and transformer iron and copper. In the fol- 
lowing paragraphs it will be shown that more 
than 80 percent of the power can be made to 
flow through the "center" function generator 
of the inverter. Consequently, the autotrans- 
carries less than 20 percent of the inverter 
power. 


@ High Efficiency - More than 80 percent of the 
power passes through the basic inverter at 
close to 99 percent efficiency. The overall 
efficiency of the MERDC inverter peaks at 
about 92 percent. 
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Low Output Impedance - This characteristic, 
combined with the low total harmonic content 
waveform, makes possible small output filters 
with low energy storage. The result is an in- 
verter that is easy to parallel and that can 
energize nonlinear loads. In addition, inver- 
ter regulation is low. It has good transient 
response characteristics. 


e@ High Input Power Factor - Since this inverter 
is the dc-link type, it requires rectifiers at 
the input for operation on ac power lines. 
Three-phase full wave rectifiers have power 
factors that range from 0.90 to 0.95. 


This new inverter concept allows the designer to 
experiment with waveshape designs with only minor 
power circuit changes. Various waveshapes have dif- 
ferent impacts on the inverter circuit performance and 
output filter design. An abstract description of the con- 
cepts that resulted in the basic inverter organization 
was developed shortly after my observations that X, Y 
and "'center" functions can be used to create three- 
phase sine waves were made. Briefly, in a three-phase 
system, the line-to-line voltage defined g(t), can be 
constructed exactly by a line-to-neutral voltage, de- 
fined f(t), that has the same period as g(t) and an inter- 
esting property: one-third of a half-cycle of f(t) is spec- 
ified arbitrarily, and the remaining two-thirds of the 
half-cycle are derived according to g(t). The mathe- 
matical proof of this fact verifies that the center 60- 
degree portion of each half-cycle of the line-to-neutral 
wave can be set arbitrarily to a constant value, and then 
the left and right portions selected according to g(t). The 
waveform design studies revealed that this procedure can 
produce a pure line-to-line sine wave and also result in 
a good approximation of a line-to-neutral sine wave. 


With these insights, the designer can then establish 
additional guidelines that will help in building useful 
inverters: 


6. Select waveforms that allow safe commutation 
times for thyristors in the step-former, 
"center" function and phase sector circuits. 


7. Use energy handling components in preference 
to energy storage components. For example, 
when tradeoff permits, increase transformer 
weight or number of switches if it will lead to 
reductions in filter capacitor and inductor 
weight. 


8. Design the voltage waveforms with harmonics 
distributed so as to minimize energy storage 
in the output filter. 


In designing waveforms for this inverter, one has 
considerable control over the distribution and magni- 
tudes of the harmonics. The designer can minimize 
line-to-line or line-to-neutral voltage total harmonic 
distortion within various constraints such as the number 
of voltage levels, the width of the "center" function, the 
widths of the voltage steps, or multiple constraints such 
as number of steps and minimizing selected harmonics. 
Each optimization exercise influences the inverter 
switching circuits and output filter. 
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An analysis of waveforms was made in which the 
computer was asked to construct line-to-neutral vol- 
tages that produced line-to-line voltages with minimum 
harmonic content as a function of the number of voltage 
taps on the inverter autotransformer. The following sets 
of conditions were used: (a) center width equal to 60° 
with unconstrained step widths, (b) unconstrained center 
and step widths, (c) unconstrained center and equal step 
widths, and (d) equal step widths with center width con- 
strained to be a multiple of a step width. 


Figure 5 shows total harmonic content of the line-to- 
line voltages as a function of autotransformer steps for 
the conditions defined in (b). The chart shows that the 
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Figure 5. Total Harmonic Content Versus The Number 
Of Taps On The Step Transformer. No 
Constraints Were Placed On Center and 
Step Widths. 


The waveform selected for the MERDC inverter was 
defined on the basis of constraints in (d) and is illustrated 
in Figure 6. This waveform has these desirable proper- 
ties. The flat top portion of the wave is 99° wide and 
allows the "center" function circuit to deliver more than 
80 percent of the power. The total harmonic content of 
the line-to-line wave is 4.2 percent; the MERDC require- 
ment defines a maximum THD of five percent. Equal 
step widths with the center 11 times the width of a step 
allows relatively simple logic circuitry for triggering 
power switches. All harmonics greater than one percent 
are clustered around the 41st harmonic (Figure 7). This 
property helps in the output filter design. The undesir- 
able property of this wave is that it contains 16.02 per- 
cent third harmonic. However, this harmonic and all 
multiples of the third can be removed easily by a triplen 
attenuator that also functions to filter noise. 
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Figure 6. Waveform Selected For The MERDC Inverter 
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Figure 7. Harmonic Content Distribution Of The Line- 
To-Neutral Voltage Has 16.02% Third 
Harmonic, But This And Other Triplen 
Voltages Are Eliminated In The Output 
Attenuator. 


The objective of the MERDC project was to develop 
a 60 Hz - 400 Hz 10 kW inverter to operate from an 
Army turbo-alternator system. A simplified schedmatic 
diagram of the inverter designed for MERDC is given in 
Figure 8; elements of the circuit not pertinent to this 
discussion are not shown. Differences between the 
MERDC circuit (Figure 8) and the basic inverter (Figure 
4) starting from the top and working down are: 


e A commutation circuit for the thyristors that 
drive the step autotransformer has been added. 
The maximum current that this circuit must 
commutate is about one ampere, the magnetiz- 
ing current of the transformer. Load current 
does not flow through the transformer during 
this commutation interval. 


e@ A capacitor has been added in series with the 
top level of the autotransformer. This addition 
allows the "center" function circuit commutation 
current to bypass the step commutation trans- 
istors, and increases the current capability of 
the inverter. 
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Figure 9a. Three-phase Composite Voltages Generated 
By The X,Y, And "Center" Function Circuits. 


Figure 8. MERDC Inverter Schematic Diagram 


e A diode bridge has been added (on lower left of 
the schematic) to enable the inverter to operate 
at any power factor from unity to zero, leading 
or lagging. For power factors greater than 0.76, 
reactive energy circulates from one phase to 
another through the autotransformer. For power 
factors below 0.76, the reactive current also re- 
turns through the diode bridge which is in paral- 
lel with the "center" function circuit thyristors. 


e@ Near the output of the circuit are shown a triplen 
attenuator and a zig-zag transformer. The at- 
tenuator offers a high impedance to the third Figure 9b. Line-To-Neutral Output Voltages 
harmonic. The zig-zag autotransformer is 
designed to carry the line-to-neutral load un- 
balance, and maintains phase voltage balance 
for unbalanced loads. Line-to-line loads do not 
require the actions of the attenuator or the zig- 
zag transformer. 


Figure 9 shows oscilloscope photographs of the unfil- 
tered power voltages generated by the MERDC inverter. 
The three-phase composite voltages as generated by the X, 
Y and "center" function circuits are shown in Figure 9a. 
This waveform is virtually identical to that designed by 
the computer optimization program. The center is 99° 
wide and each step is 9° wide. Resultant line-to-neutral 
and line-to-line output voltages are shown in Figures 9b 
and 9c. The total harmonic content of these waveforms 
is 4.2 percent. Individual harmonic magnitudes are very 
close to the magnitude listed in the computed design. 


Figure 9c. Line-To-Line Output Voltage 
Figure 9. MERDC Inverter Unfiltered Power Voltages 
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Because of the ultimate requirements for light 
weight and low cost for production inverters, it was 
decided not to use conventional stud-mounted or disc- 
type thyristor assemblies. Figure 10 illustrates a pre- 
ferred thyristor assembly compared to two equivalent 
stud-mounted thyristors. The improved assembly uses 
two passivated 110 Arms thyristor chips attached to 
beryllium oxide insulators soldered to a copper base. 
The assembly is coated with epoxy resin, with power and 
gate leads brought out the top. The advantages of this 
approach are lighter weight and lower inverter assembly 
costs. The package can be mounted directly to an unin- 
sulated heat sink. Mica insulating washers are elimin- 
ated and the need to have access to both sides of the heat 
sink is eliminated. These advantages are achieved with 
no increase in thermal impedance from the thyristor 
junction to heat sink. A semiconductor read-only mem- 
ory is used to control the firing sequence of all inverter 
power switches. This device replaces TTL logic and 
significantly reduces logic circuitry and cost. 
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Figure 10. Comparison Of Stud-Mounted Thyristors 
With Insulated Base Plate Type 


Figure 11 shows the assembly of the center thyris- 
tors on the heat sink structure. Eighty percent of the in- 
inverter power flows through this simple power switch 
circuit at 99 percent efficiency. Installation of the thy- 
ristors requires only a screwdriver for bolting the 
copper flanges to the heat sink and for connecting the 
power leads. 


A top view of the 10 kW inverter breadboard is 
shown in Figure 12. The circuit breaker and alternator 
field control circuits are not included in the weight tab- 
ulation below. 


Percent of 
Weight (1b) Total Weight 
Power Assembly 22 18 
Transformer and Inductor 46.7 38.5 
iron and copper 
Aluminum heat sink and 50 41 
structure 
Electronics 3 2.5 
TOTAL 121.7 100.0 


Figure 11. "Center" Function Circuit Thyristors 
Assembled On Heat Sink. 
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Figure 12. 10 kW Inverter Breadboard 
(Top View) 


Figure 13 is a rear view of the inverter showing 
the output filter and zig-zag transformer mounted on 
the bottom of the heat sink. 


The turbo-alternator inverter transient response to 
a step change from no load to full load with the inverter 
frequency at 60 Hz is shown in Figure 14. 


Results of the tests thus far conducted on the MER- 
DC inverter are given in the Appendix. 


In summary, a new way of looking at the problem 
of generating three-phase sine waves with semiconduc- 
tor power switches has been described. Several cir- 
cuits have been defined that can generate X, Y and 
"center" functions, the most promising of which was 
discussed in this paper. The resultant inverter has 
these useful properties: high input power factor, con- 
tinuous input de current, low harmonic content wave- 
form into output filter, can energize nonlinear loads, 
and can energize unbalanced loads with differing power 
factors from unity to zero, leading or lagging. Because 
energy storage in the output filter is low the inverter 
is easy to parallel and there is no deterioration in wave- 
form quality with step changes in load. 
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Figure 13. Inverter Heat Sink, Zig-Zag Transformer, 
And Output Filter (End View). 


Figure 14. Transient Response Of The Turbo-Alternator 
Inverter System For A Step Change In Load 
From No Load To Full Load, With The Inver- 
ter Operating at 60 Hz. The Response Time 
Is Determined By The Time Constant Of The 
Alternator Field And The Droop Primarily By 
The Alternator Impedance. 


APPENDIX 
MERDC 10 KW BREADBOARD INVERTER - 
HIGH SPEED ALTERNATOR SYSTEM 


PERFORMANCE SUMMARY 
Input: £142 Vdc (rectified output of turbo-alternator unit) 
Output: 120/208 Vrms, three-phase, 400 Hz or 

120/208 Vrms, three-phase, 60 Hz 


adjustable between 95 and 105 percent of rated 
voltage 


Power Rating: 10 kW, 0.8 power factor (p.f.) lagging, 
200% rated current for five seconds 


Voltage Waveform: Total harmonic content 
4.2% at 60 Hz 
3.5% at 400 Hz 


DC voltage component less than 10 
mV. 


Efficiency: F e Hz) _ L ef.) Effi 


60 16 kW, 1.0 92.7 
60 10 kW, 0.8 87.8 
400 10 kw, 1.0 91.9 
400 10 kW, 0.8 88.9 


Phase Voltage Balance: 


Unbalance is less than 0. 5% for all balanced three-phase 
loads. 


Phase Angle Balance: 


The 120° angular difference between any two adjacent 
voltage vectors varies by less than 2° for all balanced 
load conditions and less than 5° for 25% single-phase, 
line-to-line loading. 


Voltage Regulation: 


Closed loop - less than 1-1/2% for all load conditions 
up to full load. 


Open loop - (inverter) 4.5% at 10 kw 


Effect of Unbalanced Load: 


With the turbo-alternator inverter system operating at 
no load, rated voltage and frequency, application of a 
single-phase, line-to-line, unity p.f. load equal to 25% 
of rated current caused worst case line-t-line voltage 
differences of 6.9% at 60 Hz and 6. 1% at 400 Hz. 


Transient Voltage Performance: 


(a) With the turbo-alternator inverter system initially 
operating at no load, rated voltage and rated fre- 
quency, the rms terminal voltage dropped to 70% 
of rated voltage when a 0.4 p.f. lagging load having 
an impedance of 0.5/unit was applied to the output 
terminals of the set. The system recovered to 
rated voltage in less than 200 msec. 


(b) With the system operating at rated frequency and 
rated voltage, a step change in load from.no load to 
rated load caused the output voltage to drop to 77% 
of rated voltage. The system recovered to rated 
voltage in less than 150 msec. When the load is 
suddenly changed from rated load to no load, the 
initial voltage transient is < 120% rated voltage. 


Short Circuit Performance: 


The inverter withstands short circuits for at least five 
seconds without damage. Output current is limited to 
200% ag current by means of the alternator field 
control. 


Frequency: 
The inverter will produce power at either 60 Hz or 400 


Hz. Frequency of the inverter is crystal-controlled 
and is independent of load or voltage changes. 
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